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Abstract 
Numerous alkaline basaltic dykes crosscut the Early Permian Xiaohaizi wehrlite 
in drill-cores and syenite intrusion in the Tarim large igneous province, NW China. 
One basaltic dyke contains abundant clinopyroxene macrocrysts with strong 
resorption textures. Such a textural disequilibrium is consistent with their contrasting 
chemistry between the macrocrysts (Mg# = 80−89) and the host dyke (Mg# = 39, 
corresponding to Mg# = 73 of clinopyroxene in equilibrium with the dyke), indicating 
that they are not phenocrysts. The clinopyroxene macrocrysts are characterized by 
low TiO2 (0.26−1.09 wt.%), Al2O3 (1.15−3.10 wt.%) and Na2O (0.16−0.37 wt.%), 
unlike those in mantle peridotites but resembling those in layered mafic intrusions in 
the same area. The clinopyroxene macrocrysts and the clinopyroxenes from the 
Xiaohaizi cumulate wehrlites define a coherent compositional trend and have identical 
trace element patterns, pointing to a comagmatic origin for these crystals. Accordingly, 
the macrocrysts cannot be xenocrysts foreign to the magmatic system. Rather they are 
antecrysts that crystallized from progenitor magmas and have been reincorporated 
into the host dyke before intrusion. The 
87
Sr/
86
Sri (0.7035−0.7037) and εNdi (4.5−4.8) 
of the clinopyroxene macrocrysts with high Mg# (80-89) are apparently lower and 
higher than their respective ratios of the clinopyroxenes in the wehrlites (Mg# = 75-84, 
87
Sr/
86
Sri = 0.7038−0.7041, εNdi = 1.0−1.9). This difference in isotopes can be 
accounted for by assimilation and fractional crystallization (AFC) process operated 
during the formation of the Xiaohaizi intrusion. In this sense, the clinopyroxene 
macrocrysts record the composition of the uncontaminated Tarim plume-derived 
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melts. 
Keywords: clinopyroxene macrocryst, Xiaohaizi dyke, antecryst, Tarim large igneous 
province, assimilation and fractional crystallization
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1. Introduction 
The Permian is featured by the emplacement of four large igneous provinces 
(LIP) in eastern Asia, namely the Siberian traps (~251 Ma; Kamo et al., 2003), 
Emeishan basalts (~260 Ma; Chung and Jahn, 1995; Shellnutt et al., 2012; Xu et al., 
2008; Zhong et al., 2014; Zhou et al., 2002), Tarim basalts (280-290 Ma, Wei et al., 
2014a, 2014b) and Panjal traps (~290 Ma; Shellnutt et al., 2014). Abundant layered 
mafic intrusions are distributed in the Siberian and Emeishan LIPs. They have been 
intensively studied for their unique mineral endowment (i.e., PGE, Cr, Ni, V, Ti), 
notably the Noril’sk−Talnakh Ni-Cu-PGE deposits in the Siberian Traps (e.g., 
Hawkesworth et al., 1995; Naldrett et al., 1992) and the Panzhihua and Hongge 
V-Ti-magnetite deposits in the Emeishan LIP (e.g., Bai et al., 2012; Pang et al., 2008; 
Zhou et al. 2005). Compared with the Siberian Traps and Emeishan LIP, studies of 
the Tarim LIP are still at the very early stage. 
Layered mafic intrusions are sporadically distributed in the Early Permian Tarim 
Large Igneous Province, NW China, e.g., the Xiaohaizi intrusion (Wei et al., 2014b), 
Wajilitag complex (Cao et al., 2014; Li et al., 2012b; Zhang et al., 2008a) and Piqiang 
complex (Zhang et al., 2010a). V-Ti-magnetite mineralization is associated with the 
Wajilitag complex (Cao et al., 2014; Li et al., 2012a). Strong negative aeromagnetic 
anomaly also makes the Xiaohaizi area a potential target of Fe-Ti oxide deposits. 
Industrial drilling has revealed large volumes of mafic igneous rocks at depth. One 
drill-core (ZK4202) has recovered ~750 m thick of wehrlites cumulated from a melt 
that had previously experienced fractional crystallization (Wei et al., 2014b). However, 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
5 
 
the bottom of the igneous sequence was not reached and the mineral assemblage 
below the wehrlites (i.e., derived from more primitive magmas) remains unknown. 
There are increasing evidences that mineral phases are commonly not in 
equilibrium with their host glass/groundmass (e.g., Davidson et al., 2007; Francalanci 
et al., 2012; Moore et al., 2014; Ubide et al., 2014a, 2014b). Large crystals in 
porphyritic rocks, which have traditionally been interpreted as phenocrysts, are 
demonstrated in many cases to be ‘antecrysts’; that is, large crystals that according to 
their chemical composition may not have shared common histories or crystallized 
from the magma in which they are now hosted. Rather, they may have grown within 
the same magmatic system but in a more primitive magma (Charlier et al., 2005; 
Davidson et al., 2007; Francalanci et al., 2012; Jerram and Martin, 2008; Larrea et al., 
2013; Ubide et al., 2014a, 2014b). Such antecrysts in basaltic rocks provides an 
opportunity to study the composition of more primitive magmas. Numerous mafic 
dykes occur in the Xiaohaizi area and crosscut the sedimentary strata and/or the 
Xiaohaizi cumulate wehrlites. One basaltic dyke crosscutting the sedimentary strata 
contains unusually abundant clinopyroxene macrocrysts. A careful mineralogical and 
geochemical study of these macrocrysts is critical to understand their origin and 
genetic relation to the cumulated rocks in the same area. It may also yield information 
for the lithology of the concealed pluton beneath the Xiaohaizi area. 
In this study, we present in-situ major and trace element abundances, and Sr-Nd 
isotopic compositions of the clinopyroxene macrocrysts in the Xiaohaizi basaltic dyke. 
We demonstrate that these clinopyroxene macrocrysts are antecrysts rather than 
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phenocrysts and are genetically related to the Xiaohaizi cumulate wehrlites. The 
Sr-Nd isotopic compositions of the clinopyroxene macrocrysts approximately 
represent that of the uncontaminated Tarim plume-derived melts. 
2. Geological background 
2.1. Regional geology 
The Tarim Craton in northwest China is surrounded by the Tianshan orogenic 
belt to the north, and the Kunlun and Altyn orogenic belt to the south (Fig. 1a and b). 
The Tianshan orogenic belt is part of the Central Asian Orogenic Belt (CAOB) which 
is the largest Phanerozoic orogen in the world (Han et al., 2011 and references 
therein). The craton was amalgamated with the southern CAOB during the Late 
Paleozoic (BGMRXUAR, 1993; Li et al., 2006; Han et al., 2011) and is composed 
mainly of Archean tonalite–trondhjemite–granodiorite (TTG) gneisses and 
amphibolites, and Proterozoic metamorphic rocks, schist, marble, mafic dykes, 
bimodal volcanic rocks, granitoids and glacial deposits (BGMRXUAR, 1993; Hu et 
al., 2000; Lu et al., 2008). The basement is overlain by a thick sedimentary sequence 
that includes Ordovician, Permian and Cretaceous strata (BGMRXUAR, 1993; Zhang, 
2003). 
A large volume of Early Permian basalts, as well as ultramafic-mafic-felsic 
intrusions and mafic dykes, are exposed around the margins of the Tarim Craton. 
Because most of the surface of the craton is covered by the Taklamakan Desert, the 
full extent of the Tarim LIP remains uncertain. Industrial geophysical surveys and oil 
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exploration suggest that the Permian basalts may extend over an area of 250,000 
km
2–300,000 km2 in the interior of the craton (Tian et al., 2010; Yang et al., 2007a). 
Based on compilation of published age data, the basaltic volcanism took place in the 
interval 292–286 Ma ago (Wei et al., 2014a). In addition to the voluminous flood 
basalts, several small-volume mafic-ultramafic intrusions also sporadically crop out at 
Bachu and Piqiang, closely associated with syenites and granitoids and crosscut by 
numerous mafic dykes and quartz syenite porphyries. They were formed mainly 
during 278–284 Ma (Li et al., 2011b; Yang et al., 1996, 2006, 2007b; Zhang et al., 
2008a, 2010a; Zhang and Zou, 2013). 
2.2. The Xiaohaizi intrusion and dykes 
The early Permian Xiaohaizi intrusion is round in shape and crops out about 28 
km southeast of the Bachu city in the Tarim Craton, southern part of Xinjiang 
Province (Fig. 1b). It is composed predominantly of syenites and quartz syenites (Wei 
and Xu, 2011) and subordinate cumulate wehrlites occurring around the syenites in 
the field (Fig. 1c). Industrial drilling has revealed large volume of mafic igneous 
rocks buried underground around the syenites (Wei et al., 2014b). One drill-core 
(ZK4202) has recovered about 750 m thick of cumulate wehrlites composed of 
cumulus olivine and clinopyroxene, and interstitial plagioclase and Fe-Ti oxides (Wei 
et al., 2014b). They form a surface exposure of >18 km
2
, and intrude the 
Silurian−early Permian strata (BGMRXUAR, 1993). Previous investigations 
demonstrated that the Xiaohaizi syenites and wehrlites were emplaced during 277-282 
Ma (Li et al., 2007; Wei and Xu, 2011; Wei et al., 2014b; Yang et al., 1996, 2006; 
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Zhang et al., 2009). Numerous mafic dykes and quartz syenite porphyries crosscut the 
sedimentary rocks with nearly vertical dips and variable strikes, and also intrude the 
Xiaohaizi syenites although some of the dykes intermingle with the syenites (Zhang et 
al., 2008b). These dykes have been dated at 278-284 Ma (Li et al., 2011b; Yu, 2009), 
indistinguishable from the ages of the syenite and wehrlite intrusion. According to 
detailed age comparison among the wehrlites, syenites, dykes and quartz syenite 
porphyries, they are suggested to be coeval (Wei et al., 2014a, 2014b; Xu et al., 2014). 
2.3. A plume incubation model generating the ~290 Ma Tarim basalts and ~280 
Ma dykes and intrusions 
The Tarim LIP has two main magmatic episodes (~290 Ma and ~280 Ma). The 
~290 Ma basalts show a strong geochemical affinity to the sub-continental 
lithospheric mantle (SCLM) (Jiang et al., 2004b; Wei et al., 2014a; Zhang et al., 
2010a), whereas the ~280 Ma dykes and coeval intrusions are interpreted to be 
derived from a convecting mantle (Wei et al., 2014a; Zhang et al., 2010a; Zhang and 
Zou, 2013; Zhou et al., 2009). A model involving plume-lithosphere interaction has 
been proposed to account for the distinct geochemical signatures and ~10 Ma delay of 
the ~280 Ma magmatic episode (Wei et al., 2014a; Xu et al., 2014). 
It is likely that the relatively thick lithosphere (>150 km) presently beneath 
Tarim (Lei and Zhao, 2007; Priestley and McKenzie, 2006; Xu et al., 2002) may have 
existed in the Permian (Wei et al., 2014a; Xu et al., 2014). A thick lithosphere (>130 
km) will hamper the upwelling of a mantle plume, thus preventing its decompression 
melting (e.g., Davies, 1994; Foley, 2008; Jourdan et al., 2007; Sleep et al., 2002) and 
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melting will be confined to the lithospheric mantle. As proposed for the 
Parana-Etendeka and Karoo LIPs, the generation of the ~290 Ma magmatism in the 
Tarim LIP can be accounted for by a plume heating model, in which melting of 
enriched components in the lithospheric mantle is due to conductive and advection 
heating by an upwelling mantle plume (Gibson et al., 2006). This is in keeping with 
the relatively long time interval (~5 Ma) of the Early Permian magmatism that is 
consistent with a low eruption rate of the Tarim LIP and is supported by the 
intercalation of volcanic rocks with sediments in outcrops and drill holes (Li et al., 
2011b; Wei et al., 2014a; Xu et al., 2014). 
Experimental and theoretical modeling shows that significant decompression 
melting can only happen when the lithosphere is relatively thin (<80 km) or the 
mantle is hotter than the normal asthenosphere (>1300°C; White and McKenzie, 
1989). To ensure convective mantle to melt, parts of the lithosphere beneath Tarim 
must have been thinned to <80 km. Consequently, a delay of ~10 Ma may correspond 
to the time needed to thin the lithosphere (Wei et al., 2014a; Xu et al., 2014). Thermal 
modeling suggests that lithospheric thinning by thermal erosion might have been 
associated with the upwelling mantle plume, with the greatest thinning occurring in 
the Bachu area (Xu et al., 2014). Thinned spots and weak zones at the margins of 
cratons and mobile belts caused preferential channeling of plume flow and subsequent 
decompression melting (Xu et al., 2014). This explains the localized distribution of 
~280 Ma magmas in the Tarim LIP. 
Moreover, in the Bachu and Piqiang areas the mafic dykes are often temporally, 
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spatially and genetically associated with Fe-Ti oxide ore-bearing layered mafic 
intrusions, syenites and A-type granites (Cao et al., 2014; Wei and Xu, 2011; Wei et 
al., 2014b; Zhang et al., 2008a, 2010b). The A-type granites have high zircon 
saturation temperature (806 °C to 1010 °C; Liu et al., 2013; Zhang et al., 2010b), a 
feature of plume-related intrusions in the Emeishan LIP (Shellnutt and Jahn, 2010; 
Shellnutt and Zhou, 2007; Zhong et al., 2011). Thus the ~280 Ma dykes and intrusions 
were derived from a mantle-plume source. 
2.4. Summary of bulk rock geochemistry of the Xiaohaizi dykes 
The Xiaohaizi dykes are alkaline basalt to trachyandesite with low MgO (3.6-5.4 
wt.%) and Mg# (36-41). They have experienced fractionation of olivine, 
clinopyroxene and Fe-Ti oxides (Wei et al., 2014a, 2014b; Zhang et al., 2010a; Zhou 
et al., 2009). The dykes display strong rare earth element (REE) fractionation, 
enrichment of incompatible trace elements, bearing significant resemblance to oceanic 
island basalts (OIB) and the Emeishan high-Ti basalts. These dykes have variable 
isotope compositions (εNdi= −3.7 to +5.2, 
206
Pb/
204
Pbi = 17.50–18.11; Wei et al., 
2014a, 2014b; Zhou et al., 2009). Correlations between isotopic and trace element 
ratios indicate that some dykes with low εNdi and low initial Pb isotope ratios have 
been subjected to crustal assimilation (Wei et al., 2014a). These dykes are interpreted 
to be derived from the convecting mantle source (Wei et al., 2014a, 2014b; Xu et al., 
2014; Zhang et al., 2010a). 
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3. Petrography 
One mafic dyke (BC-6) intruding the Carboniferous-early Permian sedimentary 
strata around the Xiaohaizi syenite is porphyritic and contains abundant 
clinopyroxene macrocrysts (Fig. 2a). The dyke is fine-grained with negligible 
plagioclase phenocrysts (<1%, Fig. 2b). The groundmass contains plagioclase (~60%), 
clinopyroxene (~30%), Fe-Ti oxide (~10%) and minor biotite. They are slightly 
altered with plagioclase partially altered to sericite and clinopyroxene to opaque 
minerals (e.g., Fe-Ti oxide). 
The clinopyroxene macrocrysts are fresh, generally prismatic and sub- to 
euhedral with grain-size ranging from 1 mm to 15 mm (Fig. 2a and c). They show 
resorption textures (Fig. 2c) and commonly display obvious zoning with a high-Mg, 
grey core and a very narrow Fe-rich, bright rim (< 100 μm) (Fig. 2d). 
4. Sampling and analytical methods 
Four clinopyroxene separates were analyzed for trace elements and Sr-Nd 
isotopes. Sample chips (~1 cm in size) were crushed to 0.6-1.0 mm size in a tungsten 
carbide percussion mill. Fresh green clinopyroxene cores were carefully handpicked 
under a binocular microscope from the dyke BC-6. The large cores and narrow rims 
(Fig. 2c and d) are green and grey, respectively, and are easy to distinguish under a 
binocular microscope. Moreover, crushing large clinopyroxene grains (mostly 10-15 
mm, Fig. 2a and c) to 0.6-1.0 mm chips helps to ensure that only chips of green cores 
were handpicked. Clinopyroxene separates were cleaned twice with 2% HCl followed 
by twice with Milli-Q water, and then powdered by hand in an agate mortar under a 
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fume-hood at the University of Queensland (UQ), Australia. 
Major element analyses of minerals were obtained by electron microprobe 
analysis (EMPA) using a JEOL JXA-8100 Superprobe electron microprobe at the 
Guangzhou Institute of Geochemistry, Chinese Academy of Sciences (GIG-CAS). The 
accelerating voltage was set at 15 kV with a beam current of 20 nA and 1−2 μm beam 
diameter. The peak and counting duration was 20 seconds. The data reduction was 
carried out using ZAF correction procedures. 
Trace elements of clinopyroxene separates were analyzed on a Thermo X-series 
II inductively coupled plasma mass spectrometer (ICP-MS) in the Radiogenic Isotope 
Laboratory at UQ. Sample preparation and analytical procedures used were similar to 
those of Eggins et al. (1997), but the used internal standard solution contains 12 ppb 
6
Li, and 6ppb 
61
Ni, Rh, In, Re, Bi and 
235
U. An external drift monitoring solution with 
a similar matrix to unknown samples was used for long-term instrument drift and 
matrix correction. USGS standard W2 was used as the calibration standard and 
cross-checked with BIR-1. BHVO-2, BIR-1, AGV1 and BCR-2 were run as 
unknowns. Precision for the run was based on five duplicate analyses of W-2, which 
were better than 5% for most elements (Supplementary Table 1). 
Sr and Nd chemical separations were performed following a modified procedure 
described by Míková and Denková (2007), Deniel and Pin (2001) and Pin and 
Zalduegui (1997). Strontium was loaded onto Ta filaments with TaF5 and measured 
fully automatically on a VG Sector 54 thermal ionization mass spectrometer (TIMS) 
at UQ in a three-sequence dynamic mode using 
86
Sr/
88
Sr = 0.1194 for exponential 
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mass fractionation corrections. The NBS-987 standard was used as a monitor of the 
detector efficiency drift of the instrument. It was repeatedly measured during the 
analysis of the samples (n = 45) and yielded an average of 0.710222 ± 20 (2σ). The 
deviation of this mean value from the laboratory’s previously obtained long-term 
average of 0.710249 ± 28 (2σ) was used to correct for all samples. Nd isotopes were 
analyzed fully automatically on the Nu Plasma multi-collector ICP-MS (MC-ICPMS) 
at UQ, using a three-sequence dynamic procedure. Instrument bias and mass 
fractionation were corrected for by normalizing the raw ratios to 
146
Nd/
144
Nd = 0.7219. 
Eleven measurements of the JNdi-1 standard yielded an average of 
143
Nd/
144
Nd = 
0.512113 ± 9 (2σ, n = 11), which is consistent with the reported value of 0.512115 ± 7 
(Tanaka et al., 2000). Seventeen analyses of an in-house laboratory standard, Ames 
Nd Metal yielded an average of 
143
Nd/
144Nd = 0.511966 ± 16 (2σ). This value was 
used as calibration reference for monitoring instrument drift, which is usually less 
than 15 ppm. 
Clinopyroxenes were analyzed for trace element concentrations using an Agilent 
7500a ICP-MS system coupled with a Resolution M50-HR 193 nm ArF-excimer laser 
sampler, following the analytical procedure described by Tu et al. (2011). The laser 
operated at a repetition rate of 10 Hz, and the spot diameter was 53 μm. Ablation 
signal and integration intervals were selected by careful inspection of the 
time-resolved analysis to ensure that no inclusions were present in the analyzed 
volume. Calibration was carried out externally using NIST SRM 612 with 
44
Ca as an 
internal standard. KL2-G, a geological MPI-DING glass, was run as an unknown 
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sample. Precision (1RSD, Relative Standard Deviation) during the period of this study 
was based on 22 duplicate analyses of KL2-G which were better than 5% for most 
elements, except for heavy REE (HREE: Er, Tm, Yb and Lu), Ta, Pb, Th and U, 
which range between 5% and 10% (Supplementary Table 2). For elements with 
concentrations less than 0.10 ppm, the precision is between 10% and 40% (Tu et al., 
2011). 
5. Results 
5.1. Mineral chemistry 
5.1.1. Major elements 
Clinopyroxene macrocrysts with normal zoning show a relatively uniform 
composition with sharp Fe enrichment in the narrow rims (< 100 μm). The cores of 
normally zoned clinopyroxene display high Mg# (80−89) (Fig. 3, Supplementary 
Table 3) and are between augite and diopside (Fig. 4a) with an end-member 
composition of Wo42−47En43−50Fs6−11. The compositions of the clinopyroxene 
macrocryst cores fall roughly within the field for alkaline basalts (Fig. 4b). However, 
some grains does not show alkaline affinity (see discussions below). The cores display 
low TiO2 (0.26-1.09 wt.%), Al2O3 (1.15-3.10 wt.%) and Na2O (0.16-0.37 wt.%) 
contents, whereas the rims have low Mg# (70−80) (Fig. 3), high TiO2 (0.85-2.10 
wt.%), Al2O3 (2.37-6.41 wt.%) and low Cr2O3 (from below detection limit to 0.32 
wt.%) contents (Table 1, Supplementary Table 3). The cores define a continuous trend 
in chemical composition and Mg# values: TiO2 is negatively correlated with Mg# (Fig. 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
15 
 
5a). The groundmass clinopyroxenes of the host dyke have comparable Mg# (70−73) 
(Fig. 3, Supplementary Table 3), TiO2 (0.88-1.82 wt.%), Al2O3 (2.77-5.34 wt.%), 
Na2O (0.28-0.37 wt.%) and Cr2O3 (up to 0.07 wt.%) contents to the macrocryst rims  
(Supplementary Table 3). The compositions of the groundmass clinopyroxenes fall 
within the field for alkaline basalts (Fig. 4b). 
5.1.2. Trace elements 
Trace element data for the clinopyroxene macrocrysts of the Xiaohaizi dyke 
(BC-6) are given in Table 1 and Supplementary Table 3. The cores of the 
clinopyroxene macrocrysts show similar upward-convex REE patterns with negligible 
Eu anomalies (0.9−1.2, Fig. 6a, Supplementary Table 3). In the primitive 
mantle-normalized trace element diagram (Fig. 6b), Nb, Sr, Zr and Hf are depleted 
relative to neighboring REE. Th is highly variable: in some clinopyroxenes, Th is 
enriched over Nb, whereas in the others Th is depleted. This could be ascribed to poor 
analytical precision for Th and Nb because the concentrations of these elements in 
some samples are close to the detection limit (see Tu et al., 2011). There is a good 
agreement between trace element compositions obtained by dissolution of mineral 
separates (Supplementary Table 4) and in situ analyses (Fig. 6a and b). 
They have low REE contents similar to those from the Xiaohaizi cumulate 
wehrlites at comparable Mg# (Supplementary Table 3; Fig. 5b-d). The rims have 
similar REE contents to the cores with low Mg# (i.e., 81−82; Fig. 5b-d). The cores 
and rims of the clinopyroxene macrocrysts from the dyke have parallel REE and 
primitive mantle-normalized trace element patterns to the clinopyroxenes from the 
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Xiaohaizi cumulate wehrlites and the Emeishan high-Ti picritic basalts (Fig. 6a-b). 
5.2. Sr-Nd isotopes 
Sr-Nd isotopes were obtained for the clinopyroxene separates (Table 2). Initial 
isotopic ratios were calculated back to 279 Ma (Wei et al., 2014b). 
The clinopyroxene macrocrysts have lower 
87
Sr/
86
Sri (0.7035−0.7037) values 
than and similar εNdi (4.5−4.8) values to the host dyke (0.7047 and 4.1; Wei et al., 
2014a) (Table 2, Fig. 7). These clinopyroxene macrocrysts show similar εNdi to the 
uncontaminated dykes intruding the Carboniferous−early Permian sedimentary 
sequence in the Xiaohaizi area (Wei et al., 2014a; Zhou et al., 2009), whereas 
apparently higher than that of clinopyroxene and plagioclase separates of the 
Xiaohaizi wehrlites (Wei et al., 2014b) and the Keping basalts (Wei et al., 2014a; 
Zhang et al., 2010a; Zhou et al., 2009) (Fig. 7a). 
6. Discussion 
6.1. Cause of the Sr isotopic discrepancy between the clinopyroxene macrocrysts 
and the host dyke 
The magnitude of Sr isotopic difference is significantly greater than uncertainties 
calculated by error propagation (Table 2). Thus it cannot be ascribed to the analytical 
artifact. The host dyke is slightly altered with plagioclase partially altered to sericite 
and clinopyroxene to opaque minerals (e.g., Fe-Ti oxides; Fig. 2b). In addition, this 
dyke has relatively high LOI (2.8 wt.%) and Rb concentrations of the Xiaohaizi dykes 
are not correlated with Zr (Supplementary Fig. 1), suggesting that Rb could be mobile 
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during alteration and the age-corrected 
87
Sr/
86
Sr of the whole-rocks could be slightly 
affected. 
Crustal contamination is an alternative process to increase the initial 
87
Sr/
86
Sr 
isotopes of the host dyke because its composition is just an average value, whereas the 
clinopyroxene macrocryst is a “tape recorder” only representing the composition of 
the magma at a specific stage. Crustal contamination has been proposed to account for 
the large Sr-Nd isotopic variation in the Xiaohaizi dykes (
87
Sr/
86
Sri=0.7034 to 0.7076, 
εNdi= −3.7 to +5.2, Wei et al., 2014a, 2014b; Zhang et al., 2010a; Zhou et al., 2009). 
Modelling results show that ~30% contamination of the uncontaminated melts 
(
87
Sr/
86
Sri=0.70337, εNdi=~+5.0) by Tarim Archean and Neoproterozoic basement 
and carbonate sediments is needed to generate the Sr isotopic composition of the dyke 
(Wei et al., 2014a, 2014b). However, this is inconsistent with the trace element budget 
and the Nd isotopes. The host dyke has high Nb/U (39.3) and Ce/Pb (19.0) ratios 
similar to those of the mid-ocean ridge basalts (MORB) and OIB (Nb/U = 52 ± 15, 
Ce/Pb = 25 ± 5; Hofmann, 2003; Hofmann et al., 1986), indicating negligible crustal 
contamination. Moreover, ~30% crustal contamination will decrease the εNdi value to 
~0.25, significantly lower than that of the host dyke. Therefore, the Sr isotopic 
discrepancy between the host dyke and the clinopyroxene macrocrysts is due to 
alteration rather than crustal contamination. Given the resistance of clinopyroxene to 
alteration, 
87
Sr/
86
Sr of the clinopyroxene macrocrysts more probably provides a 
faithful record of primary magmatic compositions (Hanyu and Nakamura, 2000). 
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6.2. Antecryst origin of the clinopyroxene macrocrysts 
The clinopyroxene macrocrysts from the dyke BC-6 show strong resorption 
textures (Fig. 2c). A large number of macrocryst cores have very high Mg# up to ~89 
and are far more primitive than the crystal compositions calculated to be in 
equilibrium with the host dyke compositions, calculated using a KdMg-Fe
cpx/Liq  of Wood 
and Blundy (1997) (Fig. 3). Most macrocryst rims (< 100 μm) have variable Mg# 
values (70−80) encompassing the groundmass grains (70−73). However, these rims 
have similar trace element compositions to the cores with Mg# = 81-82 (Fig. 5b-d), 
suggesting that they were re-equilibrated with the host melt. Some clinopyroxene 
macrocrysts show a relatively uniform major and trace element composition with 
sharp Fe enrichment in the narrow rims (< 100 μm, Fig. 2d), suggesting very limited 
chemical reaction with the host magmas. Therefore, these clinopyroxene macrocrysts 
are not in textural and chemical equilibrium with the host dyke. They did not 
crystallize from the magma that eventually formed the groundmass of the dyke, and 
cannot be considered “phenocrysts” in the genetic sense of the term. 
Many clinopyroxene macrocryst cores have uniform and high Mg# (88−89) 
similar to that of clinopyroxenes from mantle xenoliths. However, they do not 
represent segregated crystals from mantle peridotites because of their low Al
3+
 and 
Na
+
 contents (Supplementary Table 3, Fig. 8). High-pressure experiments on a natural 
basanite (0.5−3.0 GPa, 1050−1350°C; Adam and Green, 1994) suggested that the 
Al
IV
/Al
VI
 ratio, Ti, Ca and REE contents of clinopyroxene are negatively correlated 
with Mg# with increasing pressure. TiO2 and REE contents of the clinopyroxene 
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macrocryst cores are negatively correlated with with Mg# (Fig. 5a-d), indicating 
polybaric crystallization from the same melt (Adam and Green, 1994). However, no 
such a visible relationship is observed between Mg# and Al
IV
/Al
VI
 ratio or Ca (not 
shown). Clinopyroxenes crystallized at high pressures are characterized by high Na, 
Al, Al
VI
/Al
IV
 and Cr and low Ti/Al (Dobosi and Fodor, 1992; Haase et al., 1996; Wass, 
1979). Given their low Na, Al, Al
VI
/Al
IV
 and Cr and high Ti/Al (Supplementary Table 
3, Fig. 8), the Xiaohaizi clinopyroxene macrocrysts are probably formed at relatively 
low pressures. Therefore, the clinopyroxene macrocrysts are not xenocrysts from 
mantle xenoliths (e.g., peridotite, pyroxenite). 
Large crystals in porphyritic rocks, which have traditionally been interpreted to 
be phenocrysts, are demonstrated in many cases to be ‘antecrysts', a term introduced 
recently to denote phases that did not crystallize from the magma in which they are 
now hosted, but rather may have grown within the same magmatic system in a more 
primitive magma than that from which the macrocrysts eventually grew (Charlier et 
al., 2005; Davidson et al., 2007; Francalanci et al., 2012; Jerram and Martin, 2008; 
Larrea et al., 2013). In the Xiaohaizi case, coherent compositional variations exist 
between the clinopyroxene macrocrysts and the clinopyroxenes from the Xiaohaizi 
cumulate wehrlites (Fig. 5). In addition, the clinopyroxene macrocrysts display REE 
and trace element patterns parallel to those from the wehrlites (Fig. 6a and b), and are 
genetically related to the dykes (see discussion below; also Wei et al., 2014b). 
In conclusion, the clinopyroxene macrocrysts are antecrysts that crystallized 
earlier from the parental magma of a system (or chamber) which eventually produced 
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the basaltic liquid that became the host dyke, if the clinopyroxene macrocrysts and 
dykes were derived from the same batch of parental magma. Another possibility is 
that, if the clinopyroxene macrocrysts and dykes were derived from different batches 
of magmas, the clinopyroxene macrocrysts could probably be recycled from a partly 
to wholly solidified plutonic body associated with the Xiaohaizi magmatic system but 
predated the dykes. This interpretation is consistent with the formation history of the 
Xiaohaizi intrusion that was formed from at least two batches of magma. The 
Xiaohaizi wehrlite was formed through open-system fractionation of an earlier batch 
of magma; whereas the dykes, syenites and quartz syenite porphyries formed through 
closed-system fractionation of another batch of magma. The macrocrysts and 
clinopyroxenes in the wehrlites define a common evolutionary trend (Fig. 5) and the 
macrocrysts are more primitive with Mg# ranging from 80 to 89 (mostly >84, 
Supplementary Table 3) than the clinopyroxenes in the wehrlites (Mg# = 75-84 with 
263 out of 266 grains having Mg#<82; Wei et al., 2014b). Moreover, only 
clinopyroxenes observed in the basaltic dyke are macrocrysts with crystal size 
identical to the clinopyroxenes of the Xiaohaizi cumulate wehrlites (Wei et al., 2014b). 
These suggest that the macrocrysts may have crystallized earlier than the 
clinopyroxenes in the wehrlites from the same batch of magma. Thus the 
clinopyroxene macrocrysts could probably be crystals disaggregated from a concealed 
clinopyroxenite pluton, which lay beneath the Xiaohaizi cumulate wehrlites. It was 
suggested that the parental magma of the Xiaohaizi wehrlites may have been rich in 
H2O (Wei et al., 2014b). Experiments have demonstrated that water lowers the 
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liquidus temperature of silicate phases, mainly plagioclase, which saturates after 
Ca-rich pyroxene at high water contents (Toplis and Carroll, 1995; Feig et al., 2006, 
2010; Botcharnikov et al., 2008). Therefore, the parental magma of the Xiaohaizi 
intrusion is capable of forming clinopyroxene-rich cumulates. Many layered mafic 
intrusions contain clinopyroxene-rich cumulates (e.g., clinopyroxenite) in the lower 
part, with notable examples being the Hongge layered intrusion of the Emeishan LIP 
(Bai et al., 2012) and Wajilitag layered intrusion of the Tarim LIP (Zhang et al., 
2008a). During eruption to the surface, basaltic magmas may entrain wall-rock 
plutonic rocks. As a result of disaggregation, the constituent minerals of plutonic 
rocks will scatter in the magmas (Amma-Miyasaka and Nakagawa, 2003; Dungan and 
Davidson, 2004; Turner et al., 2003). 
6.3. Estimates of parental liquid compositions of the Xiaohaizi intrusion 
The high Mg# values of the clinopyroxene macrocrysts (up to 89) imply that the 
Xiaohaizi intrusion crystallized from high-Mg melts. We can estimate the Mg-number 
of the parental liquid(s) using the partition coefficient for Fe and Mg between 
clinopyroxene and melt ( Liqcpx MgFeKd
/
 ). Using the equation (
Liqcpx
MgFeKd
/
 = 
0.109+0.186Mg#Cpx) set by Wood and Blundy (1997), the calculated 
Liqcpx
MgFeKd
/
  
ranges from 0.240 to 0.274. Consequently the Xiaohaizi intrusion would have 
equilibrated with liquids with Mg# of up to 68, close to that of the primary partial 
melts from upper mantle peridotite source (68-75, Frey et al., 1978). 
The compositions of the clinopyroxene macrocryst cores fall roughly within the 
field for alkaline basalts (Fig. 4b), indicating an alkaline affinity of the parental 
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magma. However, some grains does not show alkaline affinity. This is probably due to 
higher Mg# values (80-89 with an average of 85.8±2.2, 1SD-Standard Deviation; 
Supplementary Table 3) of the clinopyroxene macrocryst cores than those (averages 
ranging from 70 to 78 with MgO contents from 12.0 to 13.4 wt.%) of the 
clinopyroxenes used by Leterrier et al. (1982). The clinopyroxenes crystallized at an 
earlier stage will have relatively lower TiO2 contents than those crystallized at a later 
stage due to increase of TiO2 contents in the magma caused by olivine and 
clinopyroxene fractionation (Fig. 5a; see also Wei et al., 2014b). This will make the 
clinopyroxenes with high Mg# values display sub-alkaline affinity. Thus it is more 
appropriate to use clinopyroxenes with similar Mg# values to those of Leterrier et al. 
(1982) to distinguish alkaline and sub-alkaline affinity of their parental magmas. 
We have calculated the trace element compositions of the liquids in equilibrium 
with the clinopyroxene macrocryst cores, using partition coefficients between 
clinopyroxene and melt (D) taken from Hauri et al. (1994) and Norman et al. (2005), 
with similar major element compositions of clinopyroxenes. The calculated melts are 
characterized by a slight enrichment of light REE (LREE) over heavy REE (HREE) 
[(La/Yb)N = 9−18; (Dy/Yb)N = 1.4−2.7; Supplementary Table 5] and enrichment in 
incompatible trace elements, e.g., Nb, Zr and Hf, which are similar to those of the 
host dyke. This approach, however, involves some uncertainties in the equilibrated 
liquid composition owing to the dependence of D on pressure and temperature. Trace 
element compositions of the macrocrysts are very similar to the clinopyroxene 
phenocrysts in the Emeishan high-Ti basalts (Fig. 6a and b, Kamenetsky et al., 2012), 
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and the melt in equilibrium with the Xiaohaizi clinopyroxene display identical trace 
element patterns to the Emeishan basalts as expected (Fig. 6c and d). This suggests 
that clinopyroxenes can be used to calculate the corresponding parental melt 
compositions, provided an appropriate set of partition coefficients is available. The 
calculated melts in equilibrium with the Xiaohaizi clinopyroxene macrocrysts display 
identical trace element patterns to those of the Xiaohaizi dykes (Fig. 6c and d). This 
suggests that the Xiaohaizi intrusion was derived from melts with similar trace 
element compositions to the crosscutting dykes. The clinopyroxene macrocrysts also 
display identical Sr-Nd isotopic compositions to the Xiaohaizi uncontaminated dykes 
(Fig. 7), further supporting that they probably share a common mantle source (Wei et 
al., 2014b). 
The clinopyroxene macrocrysts and clinopyroxenes in the Xiaohaizi wehrlites 
show similar REE and trace element patterns of the phenocrysts in the Emeishan 
high-Ti basalts (Kamenetsky et al., 2012) and the clinopyroxenes in the Hongge 
layered intrusion (Luan et al., 2014). Furthermore, The Xiaohaizi intrusion displays 
many features, e.g., cumulus mineral assemblages (clinopyroxenite and wehrlite), 
clinopyroxene compositions and trace element compositions of parental magma, 
similar to the lower zone of the Hongge intrusion (Bai et al., 2012; Luan et al., 2014). 
It has been widely accepted that the parental magma of the Hongge layered intrusions 
is similar in composition to that of the Emeishan high-Ti picritic basalts (Bai et al., 
2012; Zhou et al., 2008, 2013). The Xiaohaizi clinopyroxene macrocrysts have 
identical Sr-Nd isotopic compositions to the proposed plume component of the 
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Emeishan high-Ti basalts (
87
Sr/
86
Sri = ~0.7040, εNdi = ~+5.0; Xu et al., 2001). These 
features suggest that the parental magmas of the clinopyroxene macrocrysts and 
Xiaohaizi dykes were likely derived from a convecting mantle source. 
6.4. Assimilation and fractional crystallization process and the composition of the 
Tarim mantle plume 
87
Sr/
86
Sri (0.7035−0.7037) and εNdi (4.5−4.8) of the clinopyroxene macrocrysts 
in the dyke BC-6 are lower and higher than their respective ratios of clinopyroxenes 
in the wehrlites (
87
Sr/
86
Sri = 0.7038−0.7041, εNdi = 1.0−1.9; Wei et al., 2014b). These 
clinopyroxene macrocrysts also display significantly lower Zr/Nb ratios (27-39) than 
those (46-82) of the clinopyroxenes in the Xiaohaizi wehrlites. Wei et al. (2014b) 
demonstrated that Zr/Nb ratios of the clinopyroxenes in the Xiaohaizi wehrlites 
correlated positively and negatively with 
87
Sr/
86
Sri and εNdi respectively, reflecting 
variable crustal contamination. Therefore, higher εNdi and lower Zr/Nb ratios of the 
clinopyroxene macrocrysts indicate that they either represent the compositions of 
primitive magmas or experienced less degree of crustal contamination. Sr-Nd isotopic 
compositions of the clinopyroxene macrocrysts are identical to the Xiaohaizi 
uncontaminated dykes (Fig. 7), suggesting that the studied clinopyroxene macrocrysts 
most likely crystalized from primitive magmas. 
The upper crust in Tarim is dominated by Archean gneisses reworked during the 
Proterozoic and Neoproterozoic (Cao et al., 2011; Hu et al., 2000; Long et al., 2011; 
Zhu et al., 2011) with high 
87
Sr/
86
Sri (0.7075-0.7166) and low εNdi (-13 to -37, 
corrected to 280 Ma). The Cambrian and Ordovician carbonates have relatively lower 
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87
Sr/
86
Sri (0.7080-0.7090, corrected to 280 Ma; Chen et al., 2010; Li et al., 2011a; Zhu 
et al., 2002). Contamination of mantle-derived magmas by such crustal contaminants 
would change the magma compositions towards high Zr/Nb and 
87
Sr/
86
Sri and low 
εNdi (DePaolo, 1981). 60 out of 66 clinopyroxene macrocryst cores analyzed have 
relatively high Mg# (>82) values that are higher than clinopyroxenes of the Xiaohaizi 
cumulate wehrlites (263 out of 266 grains with Mg#<82; Wei et al., 2014b). Therefore, 
clinopyroxenes in the wehrlites with lower Mg# display higher 
87
Sr/
86
Sri and lower 
εNdi, in keeping with the trend expected by the AFC process. In the Xiaohaizi 
wehrlite intrusion, 
87
Sr/
86
Sri and εNdi correlate positively and negatively with An 
content of plagioclase, respectively, indicating that higher An plagioclases 
experienced higher degrees of contamination (Wei et al., 2014b). This can be 
explained either by assimilation of continental crust through a turbulent magma ascent 
(ATA) process (the most primitive samples being the most contaminated; Huppert and 
Sparks, 1985; Kerr et al., 1995) or by the AFC process involving 
Archean-Neoproterozoic basement and carbonates as contaminants. Based on the 
positive correlation between the Mg# and εNdi of clinopyroxene separates, Wei et al. 
(2014b) suggested that the AFC process is more favorable. The clinopyroxene 
macrocrysts have higher Mg# values and εNdi, and lower 
87
Sr/
86
Sri than those of the 
clinopyroxenes in the Xiaohaizi wehrlites, demonstrating the most primitive samples 
being uncontaminated or less contaminated. This further confirms that the AFC 
process plays an important role in the generation of the Xiaohaizi wehrlite intrusion. 
So far, there are sufficiently large amounts of data available from exposed 
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basaltic lava sections, mafic and felsic intrusions, numerous dykes and rhyolites in the 
Tarim LIP (e.g., Bachu, Keping and Piqiang; Li et al., 2011b; Wei and Xu, 2011; Wei 
et al., 2014a, 2014b; Yang et al., 1996, 2006, 2007b; Zhang and Zou, 2013; Zhang et 
al., 2008a, 2010a; Zhou et al., 2009). The basalts have distinct Sr-Nd isotopic 
compositions to the dykes and mafic intrusions (Fig. 9). The basalts were formed by 
partial melting of the sub-continental lithospheric mantle (SCLM, Jiang et al., 2004b; 
Wei et al., 2014a; Zhang et al., 2010a) in response to the impact of a mantle plume at 
the base of a thick SCLM beneath Tarim, whereas the dykes and intrusions were 
generated by decompression melting of the mantle plume as a result of plume lateral 
deflection towards the margins of the Tarim Craton where the lithosphere is relatively 
thin (Wei et al., 2014a; Xu et al., 2014). Among all the rock types in the Tarim LIP, 
the clinopyroxene macrocrysts have nearly the lowest 
87
Sr/
86
Sri and highest εNdi 
values. Considering high Mg# values (mostly between 84 and 89 with an average of 
86.7±1.2, 1SD; Supplementary Table 3) of the clinopyroxene macrocrysts, their Sr-Nd 
isotopic compositions can represent those of the uncontaminated Tarim plume-derived 
melts (
87
Sr/
86
Sri = ~0.7035, εNdi = ~+5). 
7. Conclusions 
Petrological examination, major and trace element analyses, and Sr-Nd isotopic 
data for the clinopyroxene macrocrysts in the Xiaohaizi dyke, together with a detailed 
comparison with the clinopyroxenes in the wehrlites, allow the following conclusions 
to be reached: 
(1) The clinopyroxene macrocrysts show strong resorption textures with very 
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high Mg# values up to ~89 that are far more primitive than the crystal 
compositions calculated to be in equilibrium with the host dyke compositions. 
These clinopyroxenes cannot be phenocrysts. 
(2) The clinopyroxene macrocrysts display REE and trace element patterns 
parallel to those from the Xiaohaizi wehrlites and coherent compositional 
variations exist between them. Thus they are interpreted to be antecrysts that 
crystallized earlier from the parental magma of a system (or chamber) which 
eventually produces the basaltic liquid that becomes the host dyke. Another 
possibility is that they are crystals disaggregated from cumulate 
clinopyroxenite that underlies the Xiaohaizi cumulate wehrlites. This 
interpretation suggests a concealed pluton consisting of clinopyroxenite and 
wehrlite beneath the Xiaohaizi area. 
(3) 87Sr/86Sri and εNdi of high magnesian clinopyroxene macrocrysts are lower 
and higher than their respective ratios of clinopyroxenes in the Xiaohaizi 
wehrlites. This further emphasizes the role of assimilation and fractional 
crystallization in the generation of the Xiaohaizi intrusion. 
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Figure captions 
Fig. 1. (a) Locations of the Tarim Craton and Emeishan large igneous province (ELIP) 
with outline of (b) (modified after Zhou et al., 2009). (b) Simplified geological map of 
the Tarim Craton, showing the distribution of the Permian basalts and 
ultramafic-mafic-felsic complexes around Bachu in the Tarim Craton, Xinjiang 
Province (modified after BGMRXUAR, 1993; Yang et al., 2007; Wei et al., 2014a). 
Abbreviations here: Xhz, Xiaohaizi intrusion; Wj, Wajilitag complex; Pq, Piqiang 
complex. (c) Detailed geological map of the Xiaohaizi syenites, wehrlite outcrops and 
inferred wehrlites from drill-cores (Wei et al., 2014b) crosscut by numerous mafic and 
felsic dykes in the Xiaohaizi area (modified after Wei et al., 2014a). Also shown is the 
location of the clinopyroxene macrocrysts-hosted dyke (BC-6; Wei et al., 2014a). 
Area expanded in (c) is outlined in (b). 
 
Fig. 2. (a) Green clinopyroxene macrocrysts in the Xiaohaizi dyke (BC-6). (b) 
Plagioclase phenocrysts in the dyke (BC-6, plane-polarized light). (c) 
Photomicrographs showing large and euhedral clinopyroxene macrocrysts with 
resorption textures (plane-polarized light). (d) Backscattered electron (BSE) image of 
a typical normally-zoned clinopyroxene macrocrysts (BC6-28) with a high-Mg, grey 
core and a very narrow Fe-rich, bright rim (< 100 μm). Numbers near the circles 
(EMPA spots) are spot number/Mg# from Supplementary Table 3. Cpx = 
clinopyroxene. 
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Fig. 3. Summary of crystal composition ranges determined by EMPA. The vertical bar 
represents clinopyroxene composition in equilibrium with the host dyke composition 
(BC-6) of Wei et al. (2014a) calculated using a LiqcpxMgFeKd
/
  of Wood and Blundy 
(1997). Macrocryst cores and some rims are more primitive than the composition 
calculated to be in equilibrium with the host dyke, whereas groundmass grains are 
more evolved. 
 
Fig. 4. (a) Pyroxene quadrilateral (Morimoto et al., 1988) showing that the 
clinopyroxene analyses fall in the diopside and augite field. (b) Variation between Ti 
and Ca+Na cations (apfu: atoms per formula unit) showing that most clinopyroxenes 
are similar to those in alkali basalts (Leterrier et al., 1982), although some 
clinopyroxene macrocryst cores does not plot within the alkaline field (see discussion 
in section 6.3). One groundmass clinopyroxene plot within the field for sub-alkaline 
basalts. This is probably due to analytical problem because this grain have distinct 
CaO, TiO2 and MgO values from the others at similar Mg# (Supplementary Table 3). 
Cpx: clinopyroxene. 
 
Fig. 5. Chemical variations between the clinopyroxene macrocrysts and the 
clinopyroxenes in the Xiaohaizi wehrlites. Data for the clinopyroxenes in the 
Xiaohaizi wehrlites are from Wei et al. (2014b). Cpx: clinopyroxene. 
 
Fig. 6. Chondrite-normalized REE patterns (a, c) and primitive mantle-normalized 
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multi-element patterns (b, d) for the clinopyroxene macrocrysts (in situ LA-ICP-MS 
analyses), clinopyroxene separates (ICP-MS analyses on total dissolution of 50 mg 
material), the host dyke (BC-6; Wei et al., 2014a) and hypothetical calculated melts 
equilibrated with the macrocryst cores. Also shown for comparison are clinopyroxene 
phenocrysts from the Emeishan high-Ti basalts (Kamenetsky et al., 2012) and 
clinopyroxenes in the Xiaohaizi wehrlites (Wei et al., 2014b). The compositions of the 
hypothetical liquids in equilibrium with the clinopyroxene macrocrysts are calculated 
using partition coefficients from Hauri et al. (1994) and Norman et al. (2005). 
Chondrite and primitive mantle normalization values are from McDonough and Sun 
(1995). Data for the Xiaohaizi dykes are compiled from Wei et al. (2014a), Zhang et 
al. (2010) and Zhou et al. (2009). Data for the Emeishan high-Ti basalts are from 
Kamenetsky et al. (2012). Cpx: clinopyroxene. 
 
Fig. 7. (a) Initial Sr and Nd isotopic compositions of the clinopyroxene macrocrysts. 
The continuous line denotes a modeled AFC trend from Wei et al. (2014b). (b) 
Enlargement of (a). Approximate locations of mantle end-members (Zindler and Hart, 
1986) are indicated for reference. Also shown for comparison is a field for the Keping 
basalts (Li et al., 2012b; Wei et al., 2014a; Yu et al., 2011b; Zhang et al., 2010a; Zhou 
et al., 2009). Data sources: carbonate sediments from Chen et al. (2010), He et al. 
(2004), Li et al. (2011a), Shao et al. (2002) and Zhu et al. (2002); Tarim Archean and 
Neoproterozoic basement from Cao et al. (2011), Ge et al. (2012), Long et al. (2010, 
2011) and Zhang et al. (2007, 2012); dykes from Wei et al. (2014a, 2014b) and Zhou 
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et al. (2009). Cpx: clinopyroxene. 
 
Fig. 8. Mg# vs. Al (apfu) (a) and Na (apfu) (b) in the clinopyroxene macrocrysts in 
the Xiaohaizi dyke. Data for the clinopyroxenes in the Xiaohaizi wehrlites are from 
Wei et al. (2014b). Clinopyroxenes in mantle peridotites are compiled from Chen et al. 
(2001), Chu et al. (2009), Fan and Hooper (1989), Hong et al. (2012), Liu et al. (2011), 
Rudnick et al. (2004), Sun et al. (2012), Tang et al. (2008), Wu et al. (2006), Xu et al. 
(1998), Yang et al. (2010), Ying et al. (2006) and Yu et al. (2010). Clinopyroxenes 
from layered mafic intrusions formed at low pressure are from Ao et al. (2010), Bai 
(2011), Deng (2011), Mondal and Mathez (2007), Su et al. (2009, 2012) and Xie et al. 
(2012). Cpx: clinopyroxene; apfu: atoms per formula unit. 
 
Fig. 9. Histograms of 
87
Sr/
86
Sri (a) and εNdi (b) of the clinopyroxene macrocrysts, 
clinopyroxenes in the Xiaohaizi wehrlites and various rock types in the Tarim LIP. 
Data sources: clinopyroxene macrocrysts from this study; clinopyroxenes in the 
Xiaohaizi wehrlites from Wei et al. (2014b); basalts from Jiang et al. (2004b), Li et al. 
(2012b, 2012c, 2013), Tian et al. (2010), Wei et al. (2014a), Yu et al. (2011a), Zhang 
et al. (2010a, 2010b) and Zhou et al. (2009); dykes from Jiang et al. (2004a), Li et al. 
(2012c), Wei et al. (2014a, 2014b), Zhang et al. (2008a, 2010a, 2010b) and Zhou et al. 
(2009); mafic intrusions from Cao et al. (2014), Jiang et al. (2004a), Li et al. (2012c), 
Wei et al. (2014b) and Zhang et al. (2010a); felsic intrusions from Cao et al. (2013), 
Huang et al. (2012), Sun et al. (2008), Wei and Xu (2011), Zhang and Zou (2013) and 
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Zhang et al. (2008a, 2010a); rhyolites from Liu et al. (2014), Tian et al. (2010) and Yu 
et al. (2011b). Cpx: clinopyroxene. 
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Table 1: Representative electron microprobe analyses (wt %) and LA-ICP-MS analyzed trace 
elements (ppm) of clinopyroxene macrocrysts in the Xiaohaizi dyke. 
Thin section  BC6-28  BC6-30 
Spot number  #7 #8  #9 #10  #14 #15  #18 #21  #1 #2 #5 #10 #11 
Location  core rim  core rim  core rim  core core  core core core core core 
SiO2  52.82 48.29  53.21 48.18  53.17 49.31  51.29 52.96  53.69 52.82 51.64 53.28 52.73 
TiO2  0.78 1.57  0.48 1.68  0.49 1.22  0.73 0.56  0.41 0.40 0.77 0.46 0.58 
Al2O3  2.18 5.05  1.61 5.45  1.60 4.44  2.65 1.71  1.26 1.47 2.33 1.15 1.71 
Cr2O3  0.27 0.03  0.44 0.06  0.90 0.00  0.29 0.17  0.41 0.30 0.15 0.42 0.19 
FeO
T
  5.40 9.24  4.38 8.84  4.06 8.50  6.06 4.78  4.35 4.64 6.00 4.03 4.87 
MnO  0.09 0.20  0.08 0.15  0.10 0.16  0.10 0.15  0.08 0.06 0.16 0.12 0.07 
MgO  16.40 13.46  17.12 13.50  17.02 13.86  15.15 16.51  17.27 16.78 15.49 17.30 16.51 
CaO  22.10 22.31  22.92 22.14  22.63 21.55  22.96 23.05  22.76 23.01 22.95 22.41 22.88 
Na2O  0.17 0.39  0.28 0.32  0.26 0.30  0.27 0.26  0.22 0.23 0.28 0.28 0.22 
Total  100.21 100.53  100.52 100.31  100.22 99.34  99.48 100.14  100.43 99.71 99.76 99.44 99.76 
Mg#  84.4 72.2  87.5 73.1  88.2 74.4  81.7 86.0  87.6 86.6 82.2 88.4 85.8 
                   
V  160 209  146 189  128 237  230 222  133 144 240 116 165 
Cr  1977 2994  3041 5367  5940 2857  1492 1277  4032 3559 2064 4954 1806 
Co  47.5 49.1  43.7 42.4  39.5 47.2  50.4 48.7  40.6 43.6 49.8 40.5 48.5 
Ni  319 317  381 329  381 263  250 283  367 354 270 390 293 
Rb  0.04 0.78  0.10 0.63  0.03 0.03  0.03 0.03  0.02 0.06 0.11 0.04 0.02 
Sr  39.9 45.6  37.3 48.2  39.4 41.9  44.7 40.4  37.0 39.1 45.7 35.6 38.9 
Y  5.37 8.75  4.97 7.65  4.28 11.00  8.28 7.45  4.42 4.84 8.78 3.83 5.54 
Zr  8.11 26.61  6.12 22.24  5.39 31.43  16.95 13.19  5.20 5.92 18.02 3.77 7.53 
Nb  0.17 0.60  0.03 0.41  0.04 0.16  0.08 0.07  0.03 0.03 0.20 0.02 0.04 
Ba  0.91 2.87  0.07 1.38  0.05 0.22  0.10 0.14  0.04 0.23 0.95 0.02 0.02 
La  0.93 1.76  0.74 1.61  0.71 2.05  1.29 0.95  0.64 0.73 1.40 0.63 0.83 
Ce  3.71 6.23  2.92 5.40  2.85 6.84  5.43 4.17  2.55 2.96 5.31 2.34 3.35 
Pr  0.69 1.05  0.55 0.97  0.52 1.22  1.05 0.81  0.48 0.53 0.99 0.46 0.67 
Nd  3.94 6.42  3.25 5.43  3.17 7.35  6.36 5.20  3.15 3.60 6.16 2.60 3.87 
Sm  1.41 2.14  1.22 2.02  1.05 2.54  2.16 1.89  1.03 1.06 2.05 0.97 1.44 
Eu  0.49 0.67  0.37 0.64  0.34 0.85  0.74 0.63  0.36 0.40 0.80 0.34 0.45 
Gd  1.34 2.87  1.11 2.27  1.15 2.91  2.42 1.94  1.25 1.31 1.99 1.10 1.51 
Tb  0.19 0.36  0.22 0.29  0.19 0.42  0.34 0.28  0.17 0.20 0.35 0.18 0.24 
Dy  1.40 2.27  1.17 1.93  0.95 2.68  2.19 1.87  1.02 1.11 2.08 0.78 1.42 
Ho  0.22 0.36  0.20 0.33  0.19 0.44  0.36 0.30  0.18 0.18 0.41 0.17 0.22 
Er  0.54 0.84  0.56 0.69  0.36 1.09  0.83 0.74  0.45 0.43 0.99 0.35 0.53 
Tm  0.07 0.12  0.07 0.09  0.04 0.13  0.09 0.10  0.06 0.05 0.10 0.05 0.07 
Yb  0.35 0.54  0.38 0.69  0.32 0.74  0.58 0.49  0.40 0.36 0.55 0.35 0.37 
Lu  0.08 0.08  0.05 0.07  0.04 0.09  0.07 0.06  0.04 0.05 0.09 0.05 0.06 
Hf  0.33 1.06  0.24 0.98  0.27 1.42  0.76 0.70  0.25 0.29 0.81 0.27 0.38 
Ta  0.01 0.08  0.00 0.01  0.01 0.04  0.01 0.01  0.01 0.01 0.03 0.00 0.01 
Pb  0.08 0.03  0.00 0.11  0.05 0.03  0.03 0.04  0.01 0.02 0.01 0.00 0.08 
Th  0.01 0.07  0.01 0.02  0.01 0.04  0.01 0.03  0.01 0.00 0.02 0.01 0.02 
U  0.02 0.00  0.00 0.00  0.00 0.00  0.02 0.01  0.00 0.00 0.00 0.01 0.02 
Eu*  1.07 0.82  0.94 0.91  0.93 0.95  0.98 1.00  0.98 1.02 1.19 1.00 0.92 
 Mg# = 100Mg/(Mg + Fe
2+
); Eu*=2Eu/(Sm+Gd).
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Table 2: Sr-Nd isotopes for the clinopyroxene macrocrysts and the host dyke. 
Sample 
Rb 
(ppm) 
Sr 
(ppm) 
87
Rb/
86
Sr 
87
Sr/
86
Sr 2 87Sr/86Sri 2
1
 
Sm 
(ppm) 
Nd 
(ppm) 
147
Sm/
144
Nd 
143
Nd/
144
Nd 2 Ndi
2
 21 
Cpx macrocryst             
BC-6Cpx-1 0.36 40.6 0.0254 0.703564 8 0.7035 1 1.26 3.85 0.1988 0.512873 7 4.5 0.5 
BC-6Cpx-2 0.49 40.9 0.0346 0.703810 7 0.7037 1 1.23 3.82 0.1949 0.512882 10 4.8 0.5 
BC-6Cpx-3 0.35 38.0 0.0269 0.703569 8 0.7035 1 1.19 3.61 0.1999 0.512876 8 4.5 0.5 
BC-6Cpx-4 0.35 37.6 0.0265 0.703583 8 0.7035 1 1.22 3.66 0.2012 0.512881 14 4.6 0.6 
Host dyke               
BC-6
3
 21.6 504 0.1240 0.705215 7 0.7047 1 7.8 35.3 0.1336 0.512731 6 4.1 0.4 
1
The quoted uncertainties in 
87
Sr/
86
Sri and Ndi are calculated by error propagation analysis using uncertainties of ±5% for Rb, Sr, Sm and 
Nd. 
2Ndi is calculated at 279 Ma using the present-day values for CHUR: (
143
Nd/
144
Nd)CHUR = 0.512638, 
147
Sm/
144
Nd = 0.1967 (Jacobsen and 
Wasserburg, 1980). 
3
Data are from Wei et al. (2014a). 
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Highlights 
 Clinopyroxene (Cpx) macrocrysts are recognized in the Xiaohaizi dyke, Tarim 
LIP. 
 Cpx macrocrysts are not in textural and chemical equilibrium with the host dyke. 
 Cpx macrocrysts are antecrysts that crystallized from progenitor magmas. 
 Sr-Nd isotopes are distinct between Cpx macrocrysts and Cpx in the Xiaohaizi 
wehrlites. 
 AFC process played an important role in the generation of the Xiaohaizi 
intrusion. 
 
